Magneto-elastic (straintronic) switching of bistable magnetostrictive nanomagnets is an extremely energyefficient switching methodology for (magnetic) binary switches that has recently attracted widespread attention because of its potential application in ultra-low-power digital computing hardware. Unfortunately, this modality of switching is also error very prone at room temperature. Theoretical studies of switching error probability of magneto-elastic switches have predicted probabilities ranging from 10 -8 -10 -3 at room temperature for ideal, defect-free nanomagnets, but experiments with real nanomagnets show a much higher probability that exceeds 0.1 in some cases. To understand what causes this large difference, we have theoretically studied the effect of common defects (that occur during fabrication) on magneto-elastic switching probability in the presence of room-temperature thermal noise. Surprisingly, we found that even small defects increase the switching error probabilities by orders of magnitude. This could limit or preclude the application of magneto-elastic (straintronic) binary switches in either Boolean logic or memory, despite their excellent energy-efficiency, and restrict them to non-Boolean (e.g. neuromorphic, stochastic) computing applications. We also studied the difference between magneto-elastic switching with a stress pulse of constant amplitude and sinusoidal time-varying amplitude (e.g. due to a surface acoustic wave) and found that the latter method is more reliable and generates lower switching error probabilities in most cases, provided the time variation is reasonably slow.
I. Introduction
Magneto-elastic switching of multiferroic or magnetostrictive bistable nanomagnets, from one stable magnetization state to the other, has emerged as an extremely energy-efficient methodology to switch a binary switch [1] and has therefore attracted much attention for applications in digital logic and memory as a potential replacement for the transistor [2] . The energy dissipated in a magneto-elastic switching event can be less than 1 aJ at room temperature [1] , which eclipses most other switching methodologies. The archetypal magneto-elastic switch is composed of a magnetostrictive nanomagnet delineated on a piezoelectric substrate, which is strained with a small voltage of few mV to generate stress in the nanomagnet [3] [4] [5] [6] [7] [8] . This stress makes the magnetization vector rotate from one stable direction to the other and makes the nanomagnet "switch". Unfortunately, this switching mechanism is also error prone [9] [10] [11] [12] [13] .
At room temperature, the switching failure probability in ideal and pristine defect-free nanomagnets has been calculated to be as high as 10 -3 and as low as 10 -8 [9] [10] [11] [12] [13] [14] [15] [16] . This is too high for mainstream Boolean logic where the switching error probability should be less than 10 -15 [17] . Memory is more forgiving than logic, but the write error probability in memory chips, determined by the switching error probability, should not exceed 10 -9 [18] , which makes even memory applications questionable.
Experiments tell an even more foreboding tale. The error probability (failure to switch) in fabricated nanomagnets was found to be as high as 0.75 in some cases [19] [20] [21] . Obviously, this would preclude any application in logic or memory, and restrict magneto-elastic switches to non-Boolean computing, e.g.
Bayesian inference engines [22, 23] , image processing [24, 25] , ternary content addressable memory [26] , restricted Boltzmann machines [27] ) and sub-wavelength antennas [28] [29] [30] to name a few. There, the high error rate may be tolerable and the excellent energy efficiency is a welcome boon.
The purpose of this paper is twofold: to determine what causes the large difference between theoretical estimates of the error probability and experimental observations, and to determine if the cause can be ameliorated. Clearly, the difference between ideal nanomagnets and real nanomagnets is that the latter have structural defects acquired during the fabrication process. Recently, we theoretically studied the magnetoelastic switching of a non-ideal nanomagnet containing a small "hole" in the center in the presence of thermal noise and found that the small defect can vastly increase the switching error probability [31] . In this paper, we have extended that study to other types of common defects. We found that in all cases, defects increase the switching error probability by orders of magnitude and this could at least partially explain why the error rates found in experiments vastly exceed those estimated from theoretical simulations of ideal specimens. This is a discouraging result and implies that unless pristine nanomagnets can be fabricated routinely, magneto-elastic switches may not be suitable for Boolean logic and memory. This would temper some of the excitement about magnet-elastic switches. Fig. 1 shows atomic force micrographs of some Co nanomagnets fabricated in our lab. They are delineated on a piezoelectric substrate for magneto-elastic switching. These nanomagnets were fabricated by patterning a PMMA electron beam resist (spun on to the piezoelectric substrate) with e-beam lithography. The resist was developed and cobalt was evaporated within opened windows using electron beam evaporation, followed by lift off, to produce the nanomagnets. In all cases, we observed thickness variations across the surface of the nanomagnets. These variations are not specific to a given fabrication run, but show up in every run, although there are obviously slight variations between different runs. They might be unavoidable even under the most stringent fabrication control. We have classified the observed defects into six different classes, each one of which is approximated in the manner of Fig. 2 .
II. Nanomagnets with structural defects
The different types of thickness variations observed in Fig. 1 are approximated by six different configurations: C0 (no defect, an elliptical disk of major axis 100 nm, minor axis 90 nm and thickness 6 nm), C1 (a shallow hole 5 nm in diameter and 5 nm deep at the center, not observed in Fig. 1 , but still commonplace), C2 and C3 (one half of the nanomagnet thicker than the other by 1 nm and 1.5 nm respectively), C4 (an annulus 10 nm thick and 4 nm high at the periphery; we kept the height and thickness uniform for ease of simulation. Later we show that this defect is the worst and increases the switching error probability dramatically. Introducing randomness in the height and thickness of the annulus will, if anything, exacerbate the error), C5 (a raised cylindrical region 5nm in diameter and 5 nm high), and C6 (a through hole 5 nm in diameter, not observed in Fig. 1 ).
III. Simulation of magneto-elastic switching of defect-free and defective nanomagnets
We simulate the switching dynamics of the seven different nanomagnets depicted in Figure 2 in the presence of room-temperature thermal noise under the switching scenario shown in Fig. 3 . All seven nanomagnets are elliptical disks and the two stable magnetization directions are along the major axis (easy axis) pointing in mutually opposite directions. We assume that the magnetization is initially pointing in one of these directions and a magnetic field of 3 mT is applied in the opposite direction to make the magnetization flip (switch), as shown in the left panel of Fig. 3 . This magnetic field need not be a real field, but could be the dipolar coupling field of a nearby nanomagnet (not shown).
We turn on the magnetic field at time t = 0, allow the micromagnetic distribution within the nanomagnet to reach steady-state and then turn on uniaxial stress along the major axis of the ellipse, either of a fixed amplitude or sinusoidal time-varying amplitude, for a given duration. In the case of fixed amplitude stress, the duration is long enough to ensure that the micromagnetic distributions have reached steady state under the applied stress. In the case of sinusoidal stress, the duration is one period of the sinusoid. We simulate the temporal evolution of the magnetization vector using the micromagnetic simulator MuMax3 and continue the simulation after stress withdrawal, until steady state is reached. The final steady state orientation of the magnetization vector at the end of the simulation ends up being either nearly parallel or nearly antiparallel to the magnetic field. That tells us whether switching was successful (magnetization pointing close to the direction of the magnetic field) or failed (magnetization pointing close to the opposite direction). This allows us to determine the switching error probability by running the simulation a number of times and determining what fraction of the trials ended in failure. We study the error probability for various types of defects as a function of stress amplitude for both pulsed and sinusoidal stress waveforms.
These studies reveal interesting dependences of the error probability on various parameters, but ultimately
show that the error probabilities may be too high for both logic and memory. global minimum at θ = 180 o due to the bias magnetic field. The magnetization is initially at the local minimum shown by the ball. The energy barrier is due to shape anisotropy. This energy barrier prevents the magnetization from immediately flipping to the left and reaching the global minimum. Stress will erode or invert this barrier to allow the magnetization to reach the global minimum and flip in the direction of the applied magnetic field.
IV.
Switching error probability
In the switching scenario that we have studied, the magnetic field alone cannot flip the magnetization from right to left in the defect-free nanomagnet in Fig. 3 since the shape anisotropy energy barrier within the nanomagnet is designed to be too high for the magnetic field to overcome. This is shown in the right panel of the cartoon in Figure 3 . The nanomagnet is stuck in the local potential minimum corresponding to the original magnetization direction (θ = 0 o ) and cannot get to the global minimum at θ = 180 o to complete the switching because of the intervening potential barrier. Uniaxial stress applied along the major axis of the elliptical nanomagnet lowers or inverts the barrier as shown in the cartoon of Fig. 4 . Once stress inverts the barrier, the magnetization migrates to the new energy minimum that forms under stress and points along the minor axis of the nanomagnet, as shown in the middle panel of Figure 4 . After stress is removed, the original potential profile is restored, as shown in the right panel of Figure 4 . At that point, the magnetization could swing either to the left or to the right orientation (with a higher probability of swinging to the left because of the magnetic field which makes the energy minimum at θ = 180 o lower than that at θ = 0 o ), but the probability of swinging to the right is non-zero. The latter probability (probability of failure to switch) decreases as we make the energy difference between the local and global minima larger by making the magnetic field stronger, but the failure probability never vanishes. It is this failure probability (or error probability) that we calculate for the six different types of defects enumerated in Fig. 2 . The initial state with the magnetization pointing to the right along the major (easy) axis of magnetization and a magnetic field point to the left. The magnetic field cannot flip the magnetization taking the system from the local to the global energy minimum because of the intervening shape anisotropy energy barrier. Middle panel: Sufficiently strong uniaxial stress applied along the major axis inverts the potential barrier and makes the magnetization point along the minor axis. Right panel: Upon stress release, the magnetization can flip either to the stable state on the left or to the stable state on the right, with the probability of the latter being lower owing to the magnetic field which makes the global minimum lower in energy than the local minimum.
V. Critical stress
The switching error probability usually has a non-monotonic dependence on the magnitude of stress.
The cause can be easily understood for the defect-free case and is explained by the cartoon in Fig. 5 . If we do not apply sufficient stress to erode the barrier (under-stressed), then the likelihood of the magnetic field overcoming the barrier to switch the magnetization will be low. After stress is released, the magnetization will very likely remain in its original direction, resulting in a large switching error probability as shown in the left panel of Fig. 5 . If we over-stress to not only erode, but actually invert, the barrier, then upon stress removal, the magnetization will temporarily reach the energy maximum. From there, it will have a higher probability of switching correctly due to the magnetic field which makes the minimum at θ = 180 o lower in energy, but the failure probability will still be non-zero, as shown in the middle panel of Fig. 5 . However, if we apply just the right amount of stress (critical stress) that erodes but does not invert the potential barrier, then the magnetization state will smoothly transition from the initial local minimum at θ = 0 o to the global minimum at θ = 180 o . Thereafter, when stress is released, the magnetization will find itself pointing in the direction of the magnetic field with the highest likelihood as shown in the right panel of Figure 5 .
Thus, the critical stress will yield the minimum error probability. Sub-critical stress does not erode the barrier and the switching error probability remains high after stress is removed. Middle panel: Super-critical stress inverts the barrier and upon stress removal, the magnetization has a higher probability of switching successfully than failing to switch, but the failure probability is not insignificant. Right panel: Critical stress just erodes the potential barrier without inverting it and the smoothly transitions to the global energy minimum, so that after stress release, the magnetization would have flipped in the direction of the magnetic field with maximum probability.
VI.
Micromagnetic simulations of magneto-dynamics in defective and defect-free nanomagnets to find switching error probabilities as a function of stress.
Simulations of the temporal evolution of the magnetization vector in defective and defect-free nanomagnets under the applied bias field and stress were performed using the micromagnetic program 
In the simulation, the magnetic field is turned on at time t = 0 and the micromagnetic distribution within a nanomagnet (either defective or defect-free) is allowed to reach steady state. In all cases, steady state is reached within 1 ns. Once that happens, uniaxial stress is applied for a duration of 1.5 ns and the temporal dynamics of the magnetization is monitored. This duration of 1.5 ns is long enough for the micromagnetic distributions to reach steady state under stress. The stress is withdrawn after 1.5 ns and the magnetization is once again allowed to reach steady state, which takes another 1.5 ns or less. When the final steady-state is reached, the normalized component of the magnetization vector along the major axis will almost always be either within the interval [-1, -0.85] or within the interval [0.85, 1]. In the former case, we conclude that the magnetization has succeeded in switching from right to left under the action of the bias magnetic field and in all other cases, we conclude that the magnetization has failed to switch. The time step used in the simulation is 0.1 ps.
We simulate 1000 switching trajectories for each case as described above. Each trajectory is slightly different from all others because of the random thermal noise. The fraction of the trajectories that end up in failure is the error probability. We simulate the magnetization dynamics in all seven nanomagnets depicted in Fig. 2 for two different materials -Terfenol-D and cobalt. The material parameters used are listed in Table I [ [32] [33] [34] [35] .
There is one rare but curious outcome in our simulations that is different. In the cases of defects C2 and C3 in Terfenol-D, we found that the magnetization vector occasionally finds a stable orientation along the minor axis and remains pinned there. This can never happen in the case of the defect-free nanomagnet since the minor axis will be the hard axis (energy maximum) and thermal perturbation will inevitably dislodge the magnetization from there, but in the case of defective nanomagnets, shallow energy minima may be created for other orientations (including along the minor axis) and the magnetization may be trapped there.
Thermal perturbations may not always be able to dislodge it from these metastable states. We stress that in defective nanomagnets, the potential energy profile may not look anything like those in Figures 4 or 5 and may have one or more local minima that pin the magnetization and increase the switching error probability.
In most cases however, the steady-state magnetization will assume an orientation close to the major axis so that the component along the major axis will be either within In the cases of defects C2 and C3 in cobalt, the energy barrier in the nanomagnet is so low that the magnetic field alone can overcome it and make the magnetization flip, without the need for any stress.
Hence these two cases are not simulated in the case of cobalt. However, this is not the case with Terfenol-D.
We also studied the case of sinusoidal time-varying stress since it has emerged as a common method of magneto-elastic switching [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . We apply the bias magnetic field, allow the micromagnetic distributions to reach steady-state, then run the simulations for one full cycle of the sinusoid, and finally remove the stress and allow the magnetization vector to reach steady state. Once again, the steady-state magnetization will assume an orientation close to the major axis so that the component along the major axis We considered sinusoidal stresses of frequencies 200 MHz and 1 GHz, and various amplitudes.
Frequencies lower than 200 MHz are computationally prohibitive for us since in order to cover one cycle, we have to run the simulations for 5 ns for each of the 1000 trajectories for each defect, which consumes significant computer resources. For the sinusoidal stress, we restrict ourselves only to cobalt (not Terfenol-D) and do not consider defects C2 and C3 since no stress is required to switch the magnetizations of nanomagnets containing these defects, as mentioned before.
VII. Results and Discussion
In Figure 6 , we plot the switching error probability (i.e. failure of a nanomagnet to switch its magnetization from right to left under the action of the left pointing bias magnetic field) as a function of abrupt uniaxial stress applied along the major axis of the nanomagnet for a fixed duration of 1.5 ns. The material is Terfenol-D and the plots are for the defect-free and defective (C1-C6) cases. The maximum applied stress amplitude is 50 MPa. The Young's modulus of Terfenol-D is about 80 GPa [35] and hence a 50 MPa stress would produce a strain of 625 ppm which is about the maximum a Terfenol-D nanomagnet can tolerate before stress relaxation via the formation of cracks and dislocations.
In Fig. 7 , we plot the switching error probability as a function of applied stress amplitude for cobalt nanomagnets, where once again the stress was applied for a fixed duration of 1.5 ns. The maximum stress amplitude that we consider for cobalt nanomagnets is 250 MPa. The Young's modulus of cobalt is 209 GPa and hence a stress of 250 MPa will produce a strain of 1200 ppm, which is about the maximum a cobalt nanomagnet can sustain before strain is relaxed through the formation of dislocations. We do not plot the results for defects C2 and C3 in the case of cobalt because the shape anisotropy energy barrier in cobalt nanomagnets with these defects becomes so low that just the bias magnetic field can always switch the magnetization at room temperature without the need for any stress to depress the shape anisotropy energy barrier. This is an interesting observation; the defect-free nanomagnet will not switch without stress, but the defective nanomagnets with C2 and C3 types of defects do because the energy barriers in these nanomagnets are lower than that in a defect-free nanomagnet and low enough for the 3 mT magnetic field to overcome. This is one example where the defects may have a beneficial effect depending on the application.
In every plot in both Figures 6 and 7 , there is a range of stress where the switching error probability is minimum. This range is obviously where the "critical stress" is. Both under-stressing and over-stressing result in higher error probability than what is observed in the critical stress regime. Thus, this observation is consistent with the discussion in Section V.
Note also that "localized" defects (e.g. a hole or a bump in the center -C1, C5 or C6) are less harmful than "delocalized/extended" defects (different thicknesses in different halves, or a rim -C2, C3, C4), because the error probabilities in the latter cases are much higher. The rim defect (C4) seems to be the worst offender producing the highest error probability. Fig. 6 : Switching error probability at room temperature as a function of applied uniaxial stress for a Terfenol-D elliptical nanomagnet of nominal major axis 100 nm, minor axis 90 nm and thickness 6 nm.
The plots are for the defect-free and defective nanomagnets with six different defects (C1-C6).
Fig. 7:
Switching error probability at room temperature as a function of applied uniaxial stress for a cobalt elliptical nanomagnet of nominal major axis 100 nm, minor axis 90 nm and thickness 6 nm. The plots are for the defect-free and defective nanomagnets with defects C1, C4, C5 and C6. For C0 and C5, the error probabilities at 50 MPa stress are 0.997 and 0.998 respectively. In Figure 8 , we plot the switching error probability as a function of the acoustic wave stress amplitude for each defect in cobalt, except C2 and C3, and for two different stress wave frequencies - 20 5 10 10 × × = steps for each frequency. This takes several weeks of run time on a special purpose computer for running MuMax3. Therefore, examining too many frequencies will be computationally prohibitive.
It is intriguing to find from Fig. 8 that for the lower frequency, time varying stress (of sufficient amplitude) is actually more effective in switching nanomagnets (both defect-free and defective) than static stress since the error probabilities are lower for all cases, except defect C4. For the 200 MHz sinusoidal stress, the error probability is < 0.001 (we simulated only 1000 trajectories and none of them failed) for all defects except C4, as long as the stress amplitude exceeds a threshold value. This is a promising result since it shows that switching with sinusoidal stress results in low error probabilities even in the presence of most types of defects. What this reveals is that gradual stressing and de-stressing is more effective than abrupt stressing and de-stressing, provided the frequency is slow enough (200 MHz) to allow the magnetization enough time to respond to the stress. If the frequency is too high (1 GHz), the magnetization does not have ample time to respond to the stress and this increases the failure probability. The defect C4 is an exception where, for any given stress amplitude, the slow frequency results in higher error probability than the fast frequency. This tells us that the interplay between the temporal dynamics of magnetization and the temporal dynamics of stress is complex and that could result in counter-intuitive results in some cases.
It is interesting to observe that in the case of high frequency (1 GHz), the switching error shows a nonmonotonic dependence on stress amplitude and is higher at 200 MPa than at all other stress amplitudes. The exception to this is C4 for which the switching error is smaller at 200 MPa than at all other stress amplitudes considered. This and other anomalous behaviors sets C4 apart from other defects. The potential energy profile in the C4 nanomagnet may have complex features that is responsible for its odd behavior. The defect C4 is actually a frequent occurrence and it always results in a relatively high error probability.
The non-monotonic dependence of the error probability on stress amplitude for all nanomagnets except C4 is very likely a manifestation of the interaction between stress amplitude and stress frequency. We would normally expect the error probability to increase with stress amplitude beyond critical stress, as discussed earlier, but the reason why the error probability drops at the highest stress considered (250 MPa) has a more complex origin. When the nanomagnet is stressed, there is a distribution of the magnetization orientation will contribute to switching failure. This was discussed in refs. [13] and will not be repeated here since it is outside the scope of this work. This distribution depends on the interplay between the stress amplitude and stress frequency and is least favorable at 200 MPa stress amplitude, which is why the error happens to be maximum at that amplitude.
VIII. Conclusion
The results reported in this paper show that structural defects can significantly increase the switching error probabilities of nanomagnets that are switched magneto-elastically, sometimes by orders of magnitude. While defect-free nanomagnets show very low error probability in the critical stress regime (<0.001), defective nanomagnets show error probabilities that are much larger. This could explain the differences in error probabilities calculated theoretically (assuming defect-free nanomagnets) and observed experimentally, since real nanomagnets used in experiments very likely have some of these defects.
Some defects, such as a rim around the periphery (C4), are lethal and increase the switching error probability to levels that are impractical for any application. In order to reduce the switching error probability to tolerable levels in nanomagnets containing C4 type defects, the stress has to be so high that it would be impossible to generate. This bodes ill for magneto-elastic switches and calls into question the viability of their application in Boolean logic and memory which are relatively intolerant of switching errors.
We also found that localized defects (such as a small hole or hillock) are more forgiving than delocalized (extended) defects such as thickness variation across a significant fraction of the nanomagnet surface in terms of switching errors. Unfortunately, even localized defects give rise to switching error probabilities that are too high for error-intolerant computing applications such as Boolean logic and memory. This seems to suggest that magneto-elastic switches may be better adapted to certain types of nonBoolean computing paradigms, particularly collective computational models where the collective activity of many nanomagnets working collaboratively elicit the computational activity (e.g. image processing [24 25] ). There, the failure of a single (or few) switch is not catastrophic. We also found that sinusoidal time varying stress of the right frequency can reduce the switching error probability compared to pulsed stress for most cases. This is consistent with the observation in ref. [41] which found a very high success rate with time-varying stress. Thus, if magneto-elastic switches are to be used in memory, writing with a time-varying stress [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , as opposed to a stress pulse of fixed amplitude, may be beneficial.
